Abstract. Odin, a Swedish-led satellite project in collaboration with Canada, France and Finland, was launched on 20 February 2001 and continues to produce profiles of chemical species relevant to understanding the middle and upper atmosphere. Longterm observations of stratospheric ozone are useful for trend analysis of chemical ozone loss. This study concerns ozone loss over both poles utilizing 12 years of ozone data from Odin/Sub-Millimetre Radiometer (SMR). We have applied the data assimilation technique described by Rösevall et al. (2007) with a number of improvements to study the inter-annual Two SMR ozone products retrieved from the emission lines centred at 501 GHz and 544 GHz were used. An internal comparison of the two analyses using 501 GHz and 544 GHz ozone has been carried out by inspecting the vortex mean ozone in March and October during 2002 and 2003 -2012 in the Northern and Southern Hemisphere, respectively. Ozone de-10 rived from data assimilation using the two data sets match within 10% at the levels studied, while below 550 K in the Southern Hemispheremore than 50% of the difference is found. Here, 544 GHz ozone is 0.5 parts per million volume ( ppmv) lower than 501 GHz ozone because of better sensitivity in 544 GHz ozone in the lower stratosphere. Comparisons with other studies have been mainly performed against Sonkaew et al. (2013) since Sonkaew et al. (2013) is one of the few studies having consistent estimations of ozone depletion using a SCanning Imaging Absorption SpectroMeter for Atmospheric CHartographY (SCIA- 
previous studies focused on ozone loss below a potential temperature (PT) of 600 K (approximately 24 hPa in pressure and 30 km in altitudes) since the Antarctic ozone holes are mainly caused by chlorine chemistry following PSC formation. However Konopka et al. (2007) showed that,above 600 K (∼ 24 km), the chemical loss induced by the horizontal transport of NO x from lower latitudes is as great as the halogen-induced loss below 500 K (∼ 20 km) in the Northern Hemisphere in 2002/2003. In this paper we have extended the vertical analysis region up to PT of 950 K (∼ 40 km) in order to show the effect of NO x 5 transport on ozone losses. This paper contains the following sections. The methodology and the assimilation model that we used to determine chemical ozone change are described in section 2. Section 3 deals with the SMR instrument, whose stratospheric ozone observations are introduced into the model in this study. Section 4.1 discusses the determination of the polar vortex edge in both hemispheres during polar winter and spring. Section 4.2 present an internal comparison between ozone losses derived from two differ-1 and 2 show typical ozone profiles, averaging kernels and errors estimated for the two frequencies for Arctic and Antarctic winters, respectively. The 501 GHz ozone profiles cover the altitude range roughly 17−50 km with an altitude resolution of 2−3 km and an estimated single-profile precision of 1.5 parts per million volume ( ppmv) (Urban et al., 2005) . The filtering 20 criterion used for this study is the measurement response, which is the sum of the rows of the averaging kernel and indicates how much information is derived from the true state in the atmosphere as opposed to coming from the a-priori information. In the analysis, ozone profiles with measurement of response of less than 0.8 have been excluded. It can be seen that 544 GHz ozone measurements show greater sensitivity below 20 km than 501 GHz ozone measurements . This difference can be clearly seen in the assimilated results as well. Validation of SMR v2.1 501 GHz ozone data has been performed against balloon sonde 25 measurements as described by Jones et al. (2007) . Since there is no validation paper available for SMR v2.0 544 GHz ozone, we show an internal comparison between two ozone data sets retrieved from the two frequencies used in this study. The internal comparison between the two ozone data sets is discussed in section 4.2. Figure 1 . An example of the ozone retrieval using the emission centred at 501 GHz. The left, middle and right panels indicate the ozone profile, averaging kernels and error information, respectively. The retrieved data was taken at 2010/03/05 (YY/MM/DD) at 76.4N/117E degrees in latitude and longitude. In this study, we used ozone profiles within a vertical range of 425 K-950 K in PT, which corresponds to approximately 15 -40 km.
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shows greater variation in the position of the vortex edge while the values for different years follow each other closely until the end of September in the Southern Hemisphere. The variability is closely related to the stability of the polar vortex in the respective hemispheres. The right panels in Fig. 3 and Fig.4 show the minimum temperature for EQL greater than 70
• at 500 K (∼20 km) for both hemispheres. In the warmer winters affected by a SSW event, for instance 2003/2004, 2005/2006, 5 2008/2009, 2012/2013 in the Arctic, and 2002 in the Antarctic, the position of the maximum gradient moves toward lower latitudes just after the increase in temperature. During such periods, the vortex is very weak and intra-and extra-vortex air is mixed near the vortex edge. In some winters (e.g., Arctic winter 2012/2013) the vortex subsequently recovers and remains until spring. In order to be sure to sample air that is inside the vortex, we have used EQL of 70
• as the vortex boundary in the following sections.
Comparison between 501 GHz and 544 GHz ozone
To ensure the validity of our conclusions we need to place the current data in context. In this section we perform an internal comparison of the two sets of SMR ozone measurements and in the following section, a comparison with other studies using different techniques and instruments. (whiskers) indicate the range between the minimum and the maximum differences. The median of differences can be seen as the red line in the boxes. Above a PT of 550 K, the two ozone sets match each other in the range of volume mixing ratio (VMR) between 0.1 and 0.3 ppmv (less than 10% deviation). The deviation varies between 0.1 and 0.3 ppmv in all altitudes in both hemispheres, except in the Southern Hemisphere below 550 K with approximately 0.5 ppmv differences. In both hemispheres 501 GHz ozone is 0.2 ppmv higher than 544 GHz ozone above 700 K, while 501 GHz ozone is 0.1 ppmv lower than 544 GHz 10 ozone in the range between 700 K and 550 K. According to the averaging kernels from Fig. 1 and Fig. 2 , the vertical resolution of 501 GHz ozone is larger than 544 GHz ozone, thus the 501 GHz ozone value contains more information from higher levels.
In addition, the assimilated 501 GHz ozone reflects more model information than observation information due to smaller precision at this height. However this positive bias is relatively small (5%) for both hemispheres. Large differences occur in height regions where ozone depletion occurs. This can be also explained by the lower precision and the sparsity of the 501 GHz ozone measurements. Especially in the Southern Hemisphere there are significantly larger differences below 500 K because of the precision and the vertical resolution of measurements. The same comparisons have been performed with raw SMR level 2 8 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -352, 2016 Manuscript under review for journal Atmos. Chem. Phys. show the results of assimilation using SMR ozone measurements retrieved from emission lines at 501 GHz and 544 GHz, respectively. For the vortex average, the EQL of 70
• N is used as the vortex edge. Middle and left panels: Absolute and relative differences between vortex mean ozone using 501 GHz ozone and 544 GHz ozone, respectively. The left and right sides of each box show the second (25%) and the third quartiles (75%), while whiskers indicate a range between the minimum and the maximum differences. Red lines inside each of the boxes represent the median. The positive difference shows where 501 GHz ozone has a larger value than 544 GHz, while the negative difference shows where 544 GHz ozone has a larger value than 501 GHz.
ozone measurements as well as active ozone. The results (not shown here) have similar biases to the active ozone comparisons, 5 while they have larger spread around the medians due to lack of constraint by the numerical transport model. Thus, from section 4.4, we only show the results using 544 GHz ozone.
Comparison with other studies
A detailed comparison of the ozone loss derived from 501 GHz ozone with SMILES in a specific Arctic winter i.e. 2009/2010 has been presented by Sagi et al. (2014) . The comparison concluded that our estimation of the ozone loss is approximately 0.3 ppmv lower than other studies (Kuttippurath et al., 2010; Hommel et al., 2014; Wohltmann et al., 2013) . In Sagi et al. (2014) plausible explanations for the differences are discussed as results of sampling effect including the vertical resolutions of the ozone profiles and different criteria for defining the vortex edge. winter resulted in ∼0.1 ppmv higher loss. Another candidate to explain the lower loss estimation is a particular assimilation
issue. An advantage of data assimilation is that we can get reasonable interpolation of ozone fields in time and space. However we note that the average over the vortex is potentially contaminated by information coming from outside the vortex since active ozone fields are modified by measurements both inside and outside vortex due to the way the increments are spatially spread.
Jackson and Orsolini (2008) We have also compared ozone losses in the Southern Hemisphere with Kuttippurath et al. (2015) . They have applied the passive tracer method to quantify Antarctic ozone holes between 2004 and 2013 using the Mimosa-Chim chemical transport model and the Aura MLS ozone measurements (Froidevaux et al., 2008) . We have good agreement with MLS ozone loss within 0.1 ppmv, while consistently 0.3 ppmv lower in our estimation compared to the Mimosa-Chim loss. Kuttippurath et al.
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(2015) discussed that they have 0.2-0.5 ppmv difference between the Mimosa-Chim and MLS loss, which is primarily due to the slower descent in the model. In addition, they used a larger vortex area (EQL of < 65
• S) for their calculation, where air much closer to the vortex edge is also included. This air is subject to additional chemical loss in the lower stratosphere. The above comparisons leads to the conclusion that our quantification of the ozone loss is consistent with other instruments and techniques. 
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In each panel the vortex mean of ozone loss for selected Northern winters is calculated using assimilation of 544 GHz ozone measurements. The shaded areas indicate the periods when no measurements are available in the assimilation process and thus the estimated ozone loss abundance is only affected by the transport during these periods. Kuttippurath et al. (2010) and Konopka et al. (2007) . NO x photochemistry has 5 been suggested to be important for ozone loss in this altitude range (Osterman et al., 1997) . NO x -driven ozone loss is stronger during warm winters, since the polar vortex is weaker and less denitrification is generated due to subsidence of PSC. There are two possible reasons for the NO x increase inducing loss in early spring above 600 K. One is a downward transport from the upper stratosphere and the mesosphere inside the vortex, and another is the horizontal transport of NO x -rich air from mid-latitudes (Rosenfield et al., 1994; Konopka et al., 2007) . Konopka et al. (2007) One possible reason is that they used a larger vortex area to average the loss (EQL of 65 degrees). However we find high similarity in the shapes of ozone loss vertical profiles between ours and those from Konopka et al. (2007) . Konopka et al. (2007) concluded that horizontal transport dominantly generated ozone destruction above 600 K in this year. Figure 8 shows that the horizontal transport of NO x is rather efficient in warmer winters. An additional study is in progress to generalise the characteristics of the two mechanisms behind Arctic ozone loss, i.e. classical Halogen-induced loss and NO x -driven loss and 10 will be published separately.
Antarctic ozone hole
The more stable conditions for the vortex over Antarctica produces larger scale ozone loss compared to the Arctic. Therefore chemical ozone loss during Antarctic winters does not have as large inter-annual variability as in the Northern Hemisphere.
However, although similar, the inter-annual variability of Antarctic springtime total ozone has been observed to be larger over the last decade compared to the 1990s (WMO, 2014). The chemical losses over the Antarctica derived in this study as seen in Hemisphere loss above 700 K also appears in November (after 310 DOY), however the magnitude is relatively small (generally less than 1 ppmv). This can be caused by the horizontal mixing as a result of vortex breakup associated with the final warming.
Another feature in the Stratospheric ozone in the Southern Hemisphere was reported by Fytterer et al. (2015) . The descent of NO x created by auroral processes and solar proton events (SPEs) in the mesosphere / lower thermosphere is transported down to the stratosphere during polar winter, where it can affect the ozone concentration. In order to reveal the contribution of energetic particle precipitation (EPP) to stratospheric ozone, Fytterer et al. (2015) investigated ozone behaviour inside the Antarctic 
Partial column losses
In this section we discuss year to year variability in stratospheric ozone and its loss in terms of the partial column. We selected March and October, when the significant ozone decrease occurs in most of the years, to compare partial columns for the Northern and Southern Hemisphere, respectively. Hemisphere because stationary waves are more active in the upper stratosphere during winter (Kodama et al., 2007) . This could and middle stratosphere (600-800 K) are also shown. We can see that the loss in 2011 is dominated by the loss in the lower stratosphere. In addition a loss of more than 20 DU loss below 550 K repeats every 3 years (2001/2002, 2004/2005, 2007/2008 and 2010/2011 winters), while more than 20DU losses between 600 K and 800 K are seen during winters characterised by major mid-winter SSW events (2003/2004, 2005/2006, 2008/2009 and 2012/2013 ). This periodicity is likely associated with dynamical processes in the stratosphere such as the QBO. However, we still have a large uncertainty in the statistics and do not know why we see a loss of about 50 DU in 2002 even though it is not immediately obvious in the VMR profiles. A potential 5 explanation is spread of ozone loss over a wider vertical range. The vortex in warmer winters is relatively weak due to SSWs and thus more inflow from outside the vortex can be expected. Another reason could be an error in the estimate of the vertical descent inside the vortex. Since the heating rate from SLIMCAT is provided every 12 hours, we linearly interpolate it in time.
This produces large uncertainties in the vertical motion particularly in the complex radiative situation as the polar night comes to an end and the sun begins to heat the stratosphere. This issue generates an error of roughly ±0.2 ppmv in VMR and tends to under/over-estimation in the cold/warm and stable/unstable vortex.
In the Southern Hemisphere, the stratospheric ozone change from year to year behaves randomly, while the column losses are more consistent except for 2002 when an unusual SSW event was observed over Antarctica (see Fig. 13 and 14 and table   5 2). The main driver of the inter-annual variability of the Antarctic ozone loss is the variation in meteorological processes which induce disturbances of the polar vortex (WMO, 2014) . The altitude dependence in loss is clearer in the Southern Hemisphere
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Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -352, 2016 Manuscript under review for journal Atmos. Chem. Phys. than in the Northern Hemisphere, i.e, the dominant loss occurs mostly below 500 K. The regression slope makes less sense in the Southern Hemisphere because the correlation coefficients r are low while p-value are greater than 0.5 (Table 3 ). The calculated increase in the stratospheric ozone when excluding 2002 is 1.03 DU per year, although the statistical confidence is not high enough, and agrees with the value given by WMO (2014).
Summary
We have studied ozone loss in the Northern and Southern Hemisphere for the years between 2002 and 2013 using Odin/SMR ozone profile observations. The data assimilation technique was employed using the DIAMOND model to produce realistic
Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -352, 2016 Manuscript under review for journal Atmos. Chem. Phys. ozone fields in the low-mid stratosphere. We applied an equivalent latitude of 70
• as the border of the polar vortex. A vertical range of 425 K-950 K in the potential temperature was selected to provide active and passive ozone maps. This range covers not only the lowest stratosphere but also the middle stratosphere and is wider than other ozone loss studies for different winters.
Two different frequency modes for the SMR ozone retrieval, 501 GHz and 544 GHz, were employed in this study. The internal comparison of the two modes shows that the active ozone fields are affected by measurement quality. Above 550 K, 10 active ozone derived from the two frequency modes matches to within 10%. The largest difference occurs in the Southern
Hemisphere below 550 K where ozone depletion occurs. 544 GHz ozone is 0.5 ppmv lower than 501 GHz ozone. The reason why we have such a big difference in the lowest stratosphere is a poor sensitivity in the SMR 501 GHz measurement at this height. depletions with Kuttippurath et al. (2015) , our results agreed with MLS ozone loss within 0.1 ppmv, while were constantly 0.3 ppmv lower than their Mimosa-Chim model calculations. In Kuttippurath et al. (2015) , the difference between MLS and Mimosa-Chim was due to underestimating descent in the model. Table 3 . Statistical information on the least square linear regression in Fig. 11 and 13 . A r-value is a correlation coefficient. A p-value is a probability of finding a more extreme result when the null hypothesis is true. 
